249/250 words) 19 Sub-species nomenclature systems of pathogens are increasingly based on sequence data. The use of 20 phylogenetics to identify and differentiate between clusters of genetically similar pathogens is 21 particularly prevalent in virology from the nomenclature of human papillomaviruses to highly pathogenic 22 avian influenza (HPAI) H5Nx viruses. These nomenclature systems rely on absolute genetic distance 23 thresholds to define the maximum genetic divergence tolerated between viruses designated as closely 24 related. However, the phylogenetic clustering methods used in these nomenclature systems are limited 25 by the arbitrariness of setting intra-and inter-cluster diversity thresholds. The lack of a consensus 26 ground truth to define well-delineated, meaningful phylogenetic subpopulations amplifies the difficulties 27 in identifying an informative distance threshold. Consequently, phylogenetic clustering often becomes 28 an exploratory, ad-hoc exercise. 29
Introduction

42
Advancements in high-throughput sequencing technology and computational approaches in molecular 43 epidemiology have seen sequence data increasingly integrated into clinical care, surveillance systems 44 and epidemiological studies (Gardy and Loman 2017) . Based on the growing number of available 45 pathogen sequences genomic epidemiology has yielded a wealth of information on epidemiological and 46 evolutionary questions ranging from transmission dynamics to genotype-phenotype correlations. 47
Central to all of these questions is the need for robust and consistent nomenclature systems to describe 48 and partition the genetic diversity of pathogens to meaningfully relate to epidemiological, evolutionary 49 or ecological processes. Increasingly, nomenclature systems for pathogens below the species level are 50 4 into meaningful subsets is therefore complex and is mostly performed ad hoc through exploratory 85 analyses with uninformative sensitivity analyses across thresholds. As expected, cluster membership is 86 highly sensitive to the threshold applied and therefore results can be unstable across different cluster 87 definitions (Rose et al. 2017) . 88
There is a need for a consistent, automated and robust statistical framework for determining cluster-89 defining criteria in nomenclature frameworks. In the current work, we describe a statistically-principled 90 phylogenetic clustering approach called PhyCLIP. PhyCLIP is based on integer linear programming 91 (ILP) optimisation, with the objective to assign statistically-principled cluster membership to as many 92 sequences as possible. We apply PhyCLIP to the hemagglutinin (HA) phylogeny of the highly 93 pathogenic avian influenza (HPAI) A/goose/Guangdong/1/1996 (Gs/GD)-like lineage of the H5Nx 94 subtype viruses, which underlies the most prominent nomenclature system for avian influenza viruses 95 and which itself is based on a genetic distance approach (WHO/OIE/FAO H5N1 Evolution Working 96
Group 2008). 97
PhyCLIP is freely available on github (http://github.com/alvinxhan/PhyCLIP) and documentation can be 98 found on the associated wiki page (https://github.com/alvinxhan/PhyCLIP/wiki). 99 Distantly-related subtrees to i
6 (iii) False discovery rate (FDR) to infer that the diversity observed for every combinatorial pair of 121 output clusters is significantly distinct from one another. 122 Figure 1A shows the work flow of PhyCLIP which is further elaborated here. First, PhyCLIP considers 123 the input phylogenetic tree as an ensemble of monophyletic subtrees (including the root) that could 124 potentially be clustered as a single phylogenetic cluster, each defined by an internal node subtending 125 a set of sequences * (Figure 1B , see Methods). Consequently, as the topological structure of the 126 phylogenetic tree is incorporated in the cluster structure, it is possible to infer the evolutionary trajectory 127 of the output clusters of PhyCLIP if the tree is appropriately rooted. For clarity, we use the term subtree 128 to refer to the set of sequences subtended under the same node that could potentially be clustered and 129 the term cluster to refer to sequences that are clustered by PhyCLIP within the same subtree. 130
The within-cluster internal diversity of subtree is measured by its mean pairwise sequence patristic 131 distance ( * ). PhyCLIP calculates the within-cluster divergence limit , an upper bound to the 132 internal diversity of a cluster, as: 133
where is the grand median of the mean pairwise patristic distance distribution 8 , : , … , * , … , < and 134 is any robust estimator of scale (e.g. median absolute deviation or , see Methods) that 135 quantifies the statistical dispersion of the mean pairwise patristic distance distribution for the ensemble 136 of subtrees. In other words, only subtrees with * ≤ will be considered for clustering by PhyCLIP 137 ( Figure 1B) . 138 139 Distal dissociation 140 The assumption that a cluster must be monophyletic can lead to incorrect assignment of cluster 141 membership to undersampled, distantly related outlying sequences that have diverged considerably 142 from the rest of the cluster (e.g. sequence 9 in Figure 1C ). These exceedingly distant outlying 143 sequences can also skew * of the subtree they subtend, leading to inaccurate overestimation of the 144 internal divergence of the putative subtree. Similarly, distantly related descendant subtrees can 145 artificially inflate * of their ancestral trunk nodes (e.g. nodes and in Figure 1C ). In turn, historical 146 sequences immediately descending from a trunk node will never be clustered if its * exceeds 147 ( Figure 1C ). 148
PhyCLIP dissociates any distal subtrees and/or outlying sequences from their ancestral lineage prior to 149 implementing the integer linear programming (ILP) model. For any subtree with * > , starting 150 from the most distant sequence to , PhyCLIP applies a leave-one-out strategy dissociating sequences, 7 and the whole descendant subtree if every sequence subtended by it was dissociated, until the 152 recalculated * without the distantly related sequences falls below . For each subtree, PhyCLIP 153 also tests and dissociates any outlying sequences present. An outlying sequence is defined as any 154 sequence whose patristic distance to the node in question is > 3× the estimator of scale away from the 155 median sequence patristic distance to node. * is recalculated for any node with changes to its sequence 156 membership * after dissociating these distantly related sequences. These distal dissociation steps 157 effectively offer PhyCLIP greater flexibility in its clustering construct allowing the identification of 158 paraphyletic clusters on top of monophyletic ones that may better reflect the phylogenetic relationships 159 of these sequences. 160
161
Integer linear programming optimisation 162 The full formulation of the ILP model is detailed in Methods. Here, we broadly describe how the 163 optimisation algorithm proceeds to delineate the input phylogeny. The primary objective of PhyCLIP is 164 to cluster as many sequences in the phylogeny as possible subject to the following constraints: 165 (i) All output clusters must contain ≥S number of sequences. 166 (ii) All output clusters must satisfy * ≤ . 167 (iii) The pairwise sequence patristic distance distribution of every combinatorial pair of output clusters 168 must be significantly distinct from resultant cluster if the pair of clusters were combined. This is the 169 inter-cluster divergence constraint and herein, statistical significance is inferred if the multiple-testing 170 corrected -value for the cluster pair is <FDR (see Methods). 171 (iv) If a descendant subtree satisfies (i)-(iii) for clustering (e.g. subtree 5 in Figure 1B ) and so does its 172 ancestor, which also subtends the sequences descending from the descendant, (e.g. subtree 3 in 173 Figure 1B ), the leaves subtended by the descendant will be clustered under the descendant node 174 (e.g. sequences E, F and G will be clustered under cluster 5 in Figure 1B ) while the direct progeny 175 of the ancestor subtree will cluster amongst themselves (e.g. sequences H and I will be clustered 176 under cluster 3 in Figure 1B and sequences, it is ineffective in identifying spurious singletons such as sequence 3 in Figure 1C . 187
Here, in terms of sequence patristic distance, sequence 3 is an outlying sequence to the descendant 188 node ℎ but not so to the ancestral node . If taxa subtended by subtree ℎ (i.e. 1, 2, 4 and 5) were to 189 be clustered without 3 which itself is clustered under cluster , PhyCLIP performs a post-ILP 190 optimisation clean-up step that removes 3 from output cluster . This is because 3 is clearly a 191 topologically outlying taxon to and if unremoved, would also suggest fuzzy clustering for the sequences 192 clustered under cluster ℎ. The optimisation criteria were prioritised as follows: 1) percentage of sequences clustered, 2) grand 249 mean of within-cluster patristic distance distribution, 3) mean within-cluster geographic distance and 4) 250 mean of the inter-cluster distances. 251
The percentage of sequences clustered was prioritised as the primary optimisation criterion to ensure 252 that the maximum number of sequences were assigned a nomenclature identifier. Mean within-cluster 253 geographic distance was included as a post-hoc optimisation criterion as many avian influenza viruses 254 cluster with high spatiotemporal consistency owing to their transmission dynamics in localised avian 255 populations. For influenza viruses endemic to poultry such as H5Nx, this is likely owing to increased 256 local transmission during outbreaks in large poultry populations, as well as the associated sampling bias 257 (Smith, Donis, and WHO/OIE/FAO H5 Evolution Working Group 2015). Within-cluster genetic 258 divergence was optimised with higher priority than within-cluster mean geographic distance, as the use 259 of phylogenetic geographic structure as a ground truth for avian influenza viruses is restricted by the Figure 2A -B). A higher increases the limit of tolerated within-cluster divergence, resulting in a lower 285 clustering resolution that coalesces smaller clusters into larger, more internally-divergent clusters. The 286 collapsing of the smaller clusters decreases the total number of clusters while concurrently increasing 287 the percentage of sequences clustered and mean cluster size. The influence of is less pronounced for 288 the mean inter-cluster distance, with no apparent distinction between = 1 and 2. The total number of 289 clusters decreases approximately linearly as the minimum cluster size ( ) increases from two towards 290 ten ( Figure 2A ). Lower FDRs are more conservative in designating the pairwise patristic distance 291 distributions of two clusters as statistically distinct. A higher or less conservative FDR therefore 292 designates more similar distributions as distinct from one another, increasing the number of clusters 293 ( Figure 2A ). The effect of FDR is muted at a higher minimum cluster size or higher , as these 294 parameters designate larger clusters, which limits the amount of clustering configurations available. (Table S3) . 352
In addition to source-sink dynamics, distal dissociation also identifies probable outlying sequences, 353 defined as sequences more than 3 times the estimator of scale away from the median patristic distance (Table S2) . PhyCLIP recovers the current WHO/OIE/FAO H5 362 nomenclature with varying degrees of agreement across parameter sets, as measured by the variation 363 of information (VI) between the clustering partitions ( Figure S4 ). VI is an information theoretic criterion 364 for comparing partitions of the same data set, based on the information lost and gained when moving 365 between partitions (Meilă 2007) . A lower VI indicates more similar partitions. Parameter sets with a of 366 3 consistently had the lowest VI compared to the WHO/OIE/FAO system, indicating that the 367 WHO/OIE/FAO nomenclature system has the highest agreement with PhyCLIP clustering results that 368 tolerate higher within-cluster divergence. 369
In the optimal clustering result, PhyCLIP delineates the spatiotemporal structure of the phylogeny with 370 a higher resolution than the WHO/OIE/FAO nomenclature system (89 vs 50 phylogenetic units, Figure  371 FAO demarcated clades 2.3.2.1a (A) and 2.3.2.1c (B) (Table S1) . 416
Primarily, the addition of a set of highly divergent sequences increases the spread of the global pairwise 417 patristic distance distribution ( Figure S2 ). The within-cluster limit it informs increases concurrently, 418 19 increasing the tolerance of allowable within-cluster divergence. In the distal dissociation approach, 419 increased tolerance of divergence would allow for the incorporation of more distant trunk viruses into 420 supercluster source populations if the enclosed viruses are sufficiently distinct to be dissociated as 421 independent clusters ( Figure S6 ). If the within-cluster limit is lowered, inclusion of the considered trunk 422 viruses will violate the within-cluster limit. Resultantly, these trunk viruses and their descendants will be 423 assessed for clustering as independent subtrees. Figure S6 ). In the 2009 phylogeny, this additional cluster forms part of the source population 439 as it is part of the trunk of the tree. The equivalent cluster does not form part of the trunk of the tree in 440 the 2015 phylogeny and is dissociated as a statistically distinct cluster. Moreover, the substantial 441 increase in the number of viruses between the 2009 and 2015 datasets along with the increase in 442 diversity results in more statistical power to delineate among groups of viruses resulting in a higher 443 clustering resolution for the 2015 phylogeny. 444
445
Comparison of optimal to suboptimal clustering results 446 So far, we have focused our interpretation on the optimal PhyCLIP clustering. To ensure that our results 447 were robust across similarly optimal PhyCLIP parameter sets we compared the optimal set against the 448 next four similarly optimal sets. Comparing the top 5 clustering results ranked by the optimality criterion 449 (in order of greatest number of sequences clustered, lowest internal genetic and geographic divergence, 450 and greatest average between-cluster distance), the clustering result from the optimal parameters set 451 of the 2015 phylogeny was generally consistent with those generated from the four highest-ranked 452 20 suboptimal parameter sets (see Figure S8 ). Each of the top four suboptimal clustering was found to (Figure S9, S10 ). Applying the same optimisation 472 approach described above, the optimal parameter set for the 2018 phylogeny combines a minimum 473 cluster size of 4, a FDR of 0.2 and a of 3. This parameter set clustered 97% of the viruses into 135 474 clusters, with a median cluster size of 23 ( Figure S11) . 475
The addition of the H5Nx viruses collected from 2014-2018 to the 2015 phylogeny changed the 476 distribution in two ways: 1. it added diversity to the right tail of the distribution, owing to the increased 477 divergence of the H5Nx viruses compared to the H5N1 viruses; 2. it increased the number of putative 478 clusters with low internal divergence, as a large amount of the H5Nx viruses possess highly similar HA 479 genes owing to both sampling biases during outbreaks and the relative short circulation time following 480 their emergence. This shift in the distribution reduced the within-cluster limit compared to that of the 481 2015 dataset ( Figure S2) . 482
Filtering the 2015-update and 2018 datasets (see Methods) resulted in changes in tree topology and 483 overall sequence diversity, and consequently altered the ecological inference of source-sink clusters 484 circulating from 1997-2005 (Table S1) (Table S1) Table S1 ). The first lineage circulated in east, south central and northeast China in 492 2008 to 2011 (7.8.2, SFigure 11, Table S1 ). The second lineage (Table S1) In PhyloPart, the user specifies a percentile of the global pairwise patristic distance distribution as a 511 threshold. If the median of the pairwise patristic distances of the putative cluster is below the percentile 512 threshold, a cluster is designated. ClusterPicker requires a user-defined maximum pairwise genetic 513 distance (calculated as p-distance directly from the sequences) threshold for cluster designation. 514
Accepted practice for these tools is to incorporate previous knowledge of sequence divergence into a 515 distance threshold or to calibrate the threshold over a tolerable range with metadata or expert 516 consensus. A direct comparison of PhyCLIP's clustering to PhyloPart or ClusterPicker is difficult owing 517 differences in generating within-cluster limits and a lack of prior knowledge of a meaningful delineation 518 of phylogenetic units for avian influenza to recommend a range of distance thresholds. PhyloPart and 519
ClusterPicker were applied to the 2009-update phylogeny (n=1224 sequences), with their input distance 520 22 thresholds, the within-cluster median pairwise patristic distance and within-cluster maximum genetic 521 distance respectively, set to match PhyCLIP's within-cluster limit for the optimal clustering result of the 522 2009-update phylogeny. Clustering results between PhyCLIP and PhyloPart showed high 523 correspondence (VI to PhyCLIP of 0.76, Figure S12 ), whereas the absolute maximum genetic distance 524 threshold of ClusterPicker lead to a highly stratified tree (VI to PhyCLIP of 1.87). 525
PhyCLIP is appreciably more computationally intensive than PhyloPart and ClusterPicker as it not only 526 has to parse the global pairwise patristic distance distribution of the phylogeny, but recursively 527 recalculate the distribution for subtrees in the distal dissociation approach, perform hypothesis testing 528 across every combinatorial pair of subtrees to test their inter-cluster divergence, as well as optimise the 529 ILP model. To relieve some of the computational cost, PhyCLIP is written in Python 2.7 employing 530 multiprocessing modules to parallelise the computational tasks involved resulting in ~3.2x times 531 speedup with 8 CPU cores relative to a single core run (Table 1) 
Discussion
536
PhyCLIP provides a statistically-principled, phylogeny-informed framework to assign cluster 537 membership to taxa in phylogenetic trees without the introduction of arbitrary distance thresholds for 538 cluster designation. PhyCLIP uses the pairwise patristic distance distribution of the entire tree to inform 539 its limit on within-cluster internal divergence against the background genetic diversity of the population 540 included in the phylogeny. Testing against the global background genetic diversity indicates whether 541 the putative clustered sequences are sufficiently more related to one another than to the rest of the 542 dataset to be designated a distinct cluster. 543
PhyCLIP's cluster assignment is agnostic to metadata but is capable of capturing the geographic and 544 temporal structure of the H5 phylogeny informatively. PhyCLIP recovers the overall structure of the 545 current WHO/OIE/FAOH5 nomenclature developed on a sequence divergence threshold, but delineates 546 more informative, higher resolution clusters that capture geographically-distinct subpopulations. 547 23 PhyCLIP therefore plausibly provides the foundation for an alternative nomenclature that minimizes the 548 limitations of currently employed approaches. 549
PhyCLIP's clustering is expected to improve with the addition of new sequences to the tree as new 550 information about the genetic diversity and evolutionary trajectory of the pathogen becomes known and 551 can be incorporated into the background diversity of the tree that informs the algorithm. Additionally, 552 topological information that capture how sequences are related by common ancestors is inherently 553 incorporated in PhyCLIP owing to its distal dissociation approach. The distal dissociation approach also 554 does not assume all clusters are monophyletic as the most recent common ancestor of all tips in a 555 cluster is not assumed to have no other descendants. As such, PhyCLIP can identify nested clusters 556 both as clusters with sufficiently high information content to meet the statistical requirements of cluster 557 designation or sufficiently diverse clusters that are dissociated from their ancestral nodes. The 558 designation of divergent descendant clusters nested within a supercluster suggestively captures source-559 sink population dynamics that may be informative about the evolutionary trajectory of the clustered 560 sequences. At the same time, users could also opt for PhyCLIP to subsume subclusters that do not 561 violate the statistical criteria of the parent clusters into the latter, aiding higher level interpretation. 562 Importantly, the distal dissociation approach also identifies highly divergent outlying sequences that may 563 be indicative of under-sampled diversity. 564
PhyCLIP's methodology has limitations. Notably, PhyCLIP is tree-based and is therefore subject to error 565 in phylogenetic reconstruction. PhyCLIP does not include criteria for the statistical support of nodes 566 under consideration, which omits uncertainty in phylogenetic reconstruction. However, high statistical 567 support for a node does not necessarily indicate that all sequences subtended by it are highly related 568 but merely reflects the statistical support of the bipartition to the exclusion of other sequences. 569
Additionally, the relationship between the statistical significance of internal nodes and population 570 dynamics is unresolved as is an appropriate definition of a robustly supported node ( phylogenetic signal to resolve internal nodes subtending small subtrees in measurably evolving 573 populations, increasing uncertainty in the arrangement of the internal structure of smaller subtrees. If a 574 statistical support threshold is set for nodes, these viruses will consistently be left unclustered or will be 575 forced to coalesce with more ancestral nodes subtending larger clusters, which would violate PhyCLIP's 576 statistical framework. 577
As with any phylogenetic clustering methods, PhyCLIP is also sensitive to variation in sampling rates 578 (Volz et al. 2012 ). There is a significant surveillance bias towards certain pathogens (e.g. HPAI H5) 579 owing to their consequences for animal and human health. The evolution and divergence of these 580 pathogens is currently captured in surveillance data as a more accurate approximation to a continuum 581 of evolution. PhyCLIP's clustering is strongly influenced by the diversity in the input population it tests 582 24 against, and will perform best when the background diversity of the phylogeny is complete or 583
representative. 584
Clusters identified by PhyCLIP should not be interpreted as sequences linked by rapid direct 585 transmission events. Transmission dynamic studies aim to integrate epidemiological clustering with 586 phylogenetic clusters to study transmission chains or local outbreak networks by assuming putative 587 transmission links between highly related sequences (Hassan et al. 2017) . Datasets from transmission 588 dynamic studies are likely to be sampled from localised outbreaks over a very specific period of time. 589
The global distribution generated from the resulting phylogenetic trees will not contain sufficient 590 information or power to meaningfully compare subpopulations to identify high confidence transmission 591 clusters. 592
In conclusion, PhyCLIP provides an automated, statistically-principled framework for phylogenetic 593 clustering that can be generalised to research questions concerning the identification of biologically 594 informative clusters in pathogen phylogenies. . Note that may not suitably account for any potential skewness of the pairwise sequence 600 patristic distance distribution as it inherently assumes symmetry about the median ( ). On the contrary, 601
, an alternative estimator of scale proposed by Rousseeuw & Croux (1993) , is as robust as (i.e. 602 50% breakdown point), calculated solely using the differences between the values in the distribution 603 without needing a location estimate, and has been proven to be statistically more efficient in both 604
Gaussian and non-Gaussian distributions relative to . 605 606 Integer linear programming model 607 Here, we fully elaborate the ILP model underlying PhyCLIP. Let 8 , : , … , * , … , < be the set of binary 608 variables indicating if subtree satisfies the conditions for clustering as a clade ( * = 1 if it does and 609 * = 0 vice versa, Figure 2C ). Each sequence subtended by subtree is also assigned a binary variable 610 M,* indicating if the sequence is clustered under subtree ( M,* = 1 if is clustered under node and M,* = 611 0 vice versa, Figure 2C ). PhyCLIP then formulates the phylogenetic clustering problem as an integer 612 linear programming (ILP) model with the objective to maximize the number of sequences assigned with 613 cluster membership: 614
